INTRODUCTION
The intermetallic compound NiAl with cubic B2 structure is known to be a potential candidate material for high temperature structural applications offering a number of advantages in comparison with Ni-based super-alloys (high melting temperature, lower specific weight, good oxidation resistance, higher thermal conductivity). Up till now its application is, however, hampered by two essential shortcomings: insufficient ductility at room temperature, and low static and creep strength at high temperature. With respect to room temperature ductility and toughness, several possible causes are being discussed in the literature which may contribute to the low values generally found (for a literature review see [I-31) : -the small number of independent slip systems (3 of type <001>{ 1 lo)), -the embrittling effect of impurity atoms, especially of interstitial impurities (strain ageing), resulting in a low density of mobile dislocations,
-low dislocation mobility due to a high Peierls potential,
-structural defects due to deviations from stoichiometric composition,
-quenched-in thermal vacancies (formed even by modest cooling rates due to a relatively low formation energy and high migration energy of vacancies) -voids caused by condensation of thermal vacancies, -low cleavage fracture stress compared to yield stress. Despite a large number of investigations on operative slip systems and deformation properties at room temperature, many details of the effects of deviations from stoichiometry and of impurities on room temperature ductility and thus the inherent properties of pure stoichiometric NiAl are still unclear. Often single crystals with quite large or unknown deviations from stoichiometry are used in the experiments published in the literature. Therefore, the present paper deals with investigations aimed at the improvement of purity and the reduction of deviations from stoichiometric composition of NiAl single crystals and their influence on room temperature ductility. A further check of stoichiometry was carried out by means of measurements of the reciprocal residual resistivity ratio R.R.R. = p , ,/p4,, which shows a maximum at the stoichiomemc composition. The homogeneity of the crystals was studied by secondary ion mass spectrometry and by electron probe microanalysis line scans of Ni in the wavelength-dispersive mode in longitudinal and transversal direction on sections cut parallel to the crystal axis. These sections were cut with a diamond-coated wire saw, ground and polished with diamond paste. On the same sections microhardness measurements using a load of 50 p (HV0.05) were carried out. In order to prepare Bridgman single crystals with small deviation from stoichiometry a new melting technique was applied. Measurements of the vapour pressure above NiAl melts showed [4] that the pressure of A1 is about two orders of magnitude higher than that of Ni. A theoretical model allows the estimation of the evaporation losses of A1 and Ni, respectively. From these results it is possible, starting with a slightly Al-rich alloy composition, to adjust the chemical composition of the alloy by A1 evaporation via a vacuum treatment of the melt under well defied conditions with respect to temperature, time, vacuum pressure, and geometry (mass of the melt and surface-to-volume ratio), see Fig. 1 . This vacuum treatment is not carried out in the induction furnace when preparing the master alloy, but in the Bridgman apparatus before the crystallization process starts. This method offers two main advantages: 1. After calibration of the evaporation rate of Al, crystals with stoichiometric composition as well as with defined deviations from stoichiometry can be produced using appropriate parameters of initial A1 surplus and duration and temperature of the vacuum treatment. 2. Selective evaporation of other impurities during this treatment improves the overall purity level of the crystals.
Starting with a master alloy of Ni -51 at-% A1 and Ni -50.7 at-% Al, respectively, the effect of the duration of the vacuum treatment at Pa and a melt temperature of 1700 ... 1730 O C is illustrated in Table 1 .
According to [5- R.R.R. = 2.84). The crystals numbered F39, F41 and F43 showed a greyish tail edge surface indicating a slight surplus of Al, whereas crystal F45 showed a yellow tail edge characteristic of a slightly Ni-rich composition. No colour variation was visible at the surface of crystal no. F44. The small decrease of R.R.R. of this crystal at the tail end is due to a slightly increased deviation from stoichiometry caused by segregation (see below). wt.-ppm nitrogen. Compared with the literature, where crystals of nominal stoichiomemc composition sometimes exhibit deviations from stoichiometry of the order of up to a few percents (see e.g. Table I in [5] ), the method developed here offers improved possibilities of reproducible preparation of single crystals of well-defined composition.
Substructure of the single crystals
The substructure of the as-grown crystals was characterized by thin foil transmission electron microscopy with a JEOL 200 CX electron microscope and by metallographic investigation of dislocation etch pits.
Dislocation etch pits were produced by etching with 10 % nitric acid at 37 O C (see Fig. 2 
Elemental distribution and homogeneity in binary NiAl single crystals
Through elemental partition at the solid-liquid interface, the solidification process can introduce local deviations in the alloy composition and thus in the stoichiometry which can give rise to variations of the mechanical properties within a crystal. Therefore, the directional solidification process was analyzed with respect to elemental partitioning effects based on a solidification model with composition-dependent partition coefficients. The isothermal concentration ratio of two phases at thermodynamic equilibrium is by definition characterized by the distribution coefficient where X c = 50 at-% is the stoichiometric composition of the congruently melting intermetallic compound NiAl, and q. and c { are the solute concentrations of the solid and the melt, respectively. Therefore, the deviations from stoichiometric composition are characterized by x s = c s -X c and x 1 = c 1 -X c .
The distribution coefficient has the value k = 1 only at the exact stoichiometric composition (x s = jq = 0). Deviations from stoichiometric composition of the melt lead to macro-segregations in the crystal due to a shift of the elemental concentrations between solid and liquid phase. With the usual assumptions -k = const.
-no concentration equilibration by diffusion in the solid phase -concentration equilibration in the liquid phase one obtains the well-known Scheil equation [9] (g: fraction crystallized; c 0 : initial concentration of the melt). However, in the congruently melting intermetallic compound NiAl in case of deviations from stoichiometry the supposition k = const is not fulfilled. Instead, a concentration-dependent distribution coefficient k(Cj) has to be used, yielding the crystallized fraction g as a function of the solute concentration in the melt q as For numerical evaluation, the liquidus and solidus curves Tl(x,) and T,(x,) of the Ni-A1 phase diagram near the melting point maximum To = 1638 "C on both sides of the stoichiomemc composition X, = 50 at-% were approximated by biquadratic polynomials in the concentrations x, and q. From the equilibrium condition T,(c,) = T,(cl) the composition-dependent partition coefficient can be derived which is then used in the numerical integration of equ. (3) which yields the composition of the crystal as a function of the crystallized fraction, i. e. of the normalized length of the crystal z/L (L: total length of the crystal). Fig. 3 shows the calculated Ni concentration along the crystal axis for three initial melt compositions (45 -49 -51 at-% Al). Starting with Ni-rich melts the Ni concentration increases monotonically along the crystal axis, whereas in Al-rich crystals the Ni concentration decreases over the length of the crystal. For small deviations from stoichiometry of about 1 % the composition is nearly constant over a large part of the length, and the concentration of the surplus element increases sharply only in the finally solidifying residual melt. This increase is, however, less sharp as compared to the results obtained with the Scheil equation (2) based on a constant k. In crystals with larger deviations from the stoichiomemc composition the increase in Ni concentration is seen from the beginning with increasing slope along the crystal axis. In crystals with small deviation from stoichiometry the differences between the centre and the region below the surface are negligible. They become more pronounced, however, if the deviation from overall stoichiometry increases (and thus are larger at the tail end of the crystals) exhibiting a greater increase of the concentration of the surplus element near the surface. The increased concentration near the sample surface is due to a cellular flow pattern of the melt in the vertical Bridgman process. This melt flow is directed upwards near the hot crucible walls and, correspondingly, downwards in the centre [lo] . It leads to a stagnant diffusion boundary layer at the solid~liquid interface causing an effective partition coefficient k < k, < 1. The thickness of this diffusion layer increases from centre to surface so that k, will depend on the radial co-ordinates [ l l ] leading to an increased accumulation of the surplus element ahead of the interface in the sub-surface region (for more details of the elemental partition in Bridgman-grown NiAl single crystals see [12, 13] (3) 
Microhardness measurements
The local stoichiometry deviations in NiAl single crystals discussed above may give rise to considerable variations in mechanical properties. Figs. 5 and 6 present results of microhardness measurements HV0.05. Fig. 5 shows the hardness along the axis of crystals with 48.7, 50.04 and 51.6 at-% Al, respectively. The hardness remains relatively constant at a level of about 300 HV0.05 for nearly stoichiometric compositions and for most of the length of the crystal but increases with increasing deviation from stoichiometry at the tail end of the crystal. In this region an A1 surplus gives more pronounced effects than an excess of Ni.
The radial variations of HV0.05 in a crystal of the basic composition Ni -47 at-% Al for two positions with respect to the length co-ordinate are given in Fig. 6 . The higher hardness near the sample surface as compared to the central region is obvious. Again the variation is much more pronounced in the lastsolidifying region (z/L = 0.99) in comparison to the main part of the crystal. Here the formation of a dendritic structure containing additional N4.41, phases as discussed in [12] may contribute to the pronounced incre. :e in hardness.
Compression tests
The mechanical behaviour of the NiAl single crystals was tested in uni-axial compression at room temperature. Three "soft" orientations with predicted <001>(110) slip were selected: specimens with <123> or <112> axis direction are oriented for single slip, and specimens with < I l l > axis are oriented for multiple slip on the three conjugated slip systems of the <001>(110) type. The corresponding Schmid factors are summarized in Table 2 .
Typical compressive stress-strain curves at room temperature for single crystals with axis orientation <11 I>, <123> and <112> are shown in Figs. 7 -9. In Table 3 , the values of the 0.2 % offset yield stress, the critical resolved shear stress and the work hardening rate of the crystals tested are summarized and compared with results of other authors. Table 3 : Room temperature compressive properties of NiAl single crystals (0.2% yield strength, critical resolved shear stress CRSS for <001>( 110) slip systems, and work hardening rate WHR in the plastic strain interval 2...3%)
As expected, crystals with < I l l > axis orientation (Fig. 7) show the highest observed work hardening rate resulting from the strong interaction of dislocations of the three active conjugated slip systems with nominal compressive stresses of up to 1400 m a . CRSS and WHR fit well with results of Darolia et al. [15] . In spite of the high stresses large plastic strains of more than 25 % are obtained. Crystals with <123> axis orientation Fig. 8 ) are deformed mainly by single slip up to about 10 % plastic strain thus showing a lower initial work hardening rate. At higher strains an increase in the work hardening rate is observed which is due to the activation of a second slip system. First cracks are initiated at strains between 15 and 20 %. The failure of the samples tested in compression appears to be due to radial tensile stresses which are developed by the plastic compressive strain and which cause axial cracks as discussed in [16, 17] .
The <112>-oriented crystal (Fig. 9 ) exhibits the lowest work hardening rate of 13 ME' a 1 % which, however, increases strongly if at high strains above about 18 ... 20 % secondary slip is initiated. Whereas the other compression curves presented in Figs. 7 and 8 are from Bridgman single crystals, the curve in Fig. 9 is measured on a zone refined single crystal. This crystal sustained plastic strains of more than 30 % without cracking (the experiment was discontinued at 31 % strain).
Axis orientation <123> <112> < I l l >
Dislocation structure
TEM examinations on thin foils were conducted to identify the nature of dislocations in specimens compressed at room temperature up to a pre-selected strain. Typical dislocation structures developed in specimens compressed in <123> direction with a plastic strain of 1.8 % are shown in Figure 10 a -c. In 4. CONCLUSIONS 1. A method has been developed which allows the preparation of intermetallic NiAl single crystals with small or well defined deviation fi-om stoichiometric composition and high purity. The starting material is melted from pure A1 and Ni in a vacuum induction firnace with a slight surplus of Al. By means of a special vacuum treatment of the melt in the Bridgman apparatus before the crystal growing process commences the melt composition is adjusted by preferential evaporation of Al. The process parameters are fixed on the basis of measurements of the reciprocal residual resistivity ratio. 2. The homogeneity of the single crystals was analyzed by theoretical and experimental investigations on materials with various Ni and Al concentrations. Single crystals with low deviation from stoichiometry showed a nearly constant composition over most of their length and significant macrosegregegations of the surplus element only in the last-solidifying part. Crystals with larger deviation from stoichiometry possessed a gradual increase of the concentration of the surplus element with increasing slope as a function of the length co-ordinate. The macro-segregations were considerably more pronounced in the subsurface regions as compared to the crystal axis. 3. The macro-segregations are reflected in corresponding variations of the microhardness in the axial and radial direction. 4. Room temperature compression tests were performed on single crystals in the "soft orientations" < I l l > , <112> and <123> with predicted <001>{ 1 10) slip. The 0.2 % yield stress, the critical resolved shear stress and the work hardening rate are comparable with results on high purity single crystals reported in the literature. Compressive plastic strains of the order of > 25% were obtained. It can be concluded that "soR oriented" NiAl single crystals of high purity and small deviations from stoichiometric composition show a sufficiently high formation rate and mobility of dislocations to allow a remarkable room temperature ductility in uni-axial compression (see also [I-3, 171). 5. Interactions of dislocations from conjugated slip systems and a reduced ability for cross slip lead to a strong work hardening rate which is high fi-om the beginning of plastic strain in the symmetrically oriented < I l l > crystals but is developed only at higher strains and to a lesser degree in the <112>-and <123>-oriented crystals. 
